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INTRODUCTION 

To develop coal conversion techniques into useful fuels and chemicals by thermolysis and 
hydrogenation, it is important to elucidate the coal structure.I2) Although coal has a complex 
structure which includes various aromatics and functional groups, it can be considered that the 
reactivities of hydrogen in coal could reflect the coal structure since each hydrogen in aromatics, 
aliphatics, functional groups with heteroatom etc. has the different reactivities. Therefore, the 
determination of reactivities of hydrogen in coal will provide significant information for coal 
structure. 

Useful methods to measure hydrogen in coal are to utilize isotopes such as deuterium and tritium 
tracers.).") A deuterium tracer was effective to trace reactive sites in coal and coal model 
compounds, however, there were few examples which enable quantitative analysis of the 
hydrogen mobility in coal because of the poor solubility of coal products and the difficulty of 
quantification of the deuterium tracer.).') In contrast, we have reported that tritium tracer 
techniques were effective to trace quantitatively hydrogen in the coal liquefaction.'-") In these 
works, it was shown that the quantitative analysis of hydrogen transfer in coal could be gven 
through the hydrogen exchange reactions among coal, &as phase and solvent as well as hydrogen 
addition. However, the method under coal liquefaction conditions includes destruction of the 
original structure of coal. In the course of our study, we were interested in the direct non- 
destructive determination of hydrogen in coal with its original form. Recently, we have reported 
that the tritium tracer methods are effective to determine the amount of hydrogen in the 
functional group of coal and examine the reactivities of hydrogen in coal through the reaction of 
coal with tritiated water and gaseous hydrogen in a pulse flow reactor or a batch 

In this study, we investigate the hydrogen transfer between coal and tritiated orgmic solvent to 
estimate the reactivity of hydrogen in coal. A hydrogen donor solvent tetralii was tritiated with 
tritiated water. To avoid significant destruction of the coal structure, reaction was performed in 
the range 200-300 "C below usual coal liquefaction conditions. After the reaction of coal with 
tritiated tetralii, the reaction of the tritiated coal and water was carried out to remove tritium in 
functional groups and to obtain the information for the position of hydrogen exchanged in coal. 

. 

EXPERIMENTAL 

Reaction of Coal with Tritiated Tetrslin 
Four kinds of Argonne Premium Coal Samples (Beulah-Zap (ND), Illinois No. 6 (IL), Upper 
Freeport (UF), and Pocahontas 8 3  (POC)) were obtained in 5 g of ampules (< 100 mesh). 
The samples of Wandoan coal (WA) were ground to -150 mesh particles. Coal samples were 
dried for 2 h at 110 'C under 10.' Torr. The analytical data of coals are shown in Table 1. Coal 
rank increases in the order ND<WA<IL<UF<POC and the oxygen content decreases in the same 
order. Tritiated water 
(2g 108dpml&, tetralin (1.2&, and sodium carbonate (0.005& were added into a stainless tube 
reactor. After argon purge, the reactor was kept for 1 h at 420 "C under supercritical condition 
of water. After separation of tritiated water, tritiated t e t r d i  was diluted to about lo6 d p d g  
Coal (0.5 g) and tritiated tetralin (0.5 g lo6 dpdg)  was packed into a stainless tube reactor (6 
A). After the reactor was pur@ with argon, the reactions were performed under the 
conditions, 200-300 'C and 5-360 min. After the reaction, coal and tetralii were separated 
under vacuum at 200 "C for 2 h and the tritiated coal was washed with n-heme, dried and 
oxidized by an automatic sample combustion system (Aloka ADS1 13R) into tritiated water to 
measure its radioactivity. Every tetrah sample was dissolved into a scintillator solvent 
(Instafluor, Packard Japan Co. Ltd.) and measured with a liquid scintillation counter (Beckman 
LS 6500). The tetralin sample Was also analyzed by g p  chromatography equipped with FID 

Tritiated tetralin was prepared by modifying the reported method.15) 
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(Shimadzu GC-14A). 

Procedure of Hydrogen Exchange Reaction between Tritiated Coal and Water. 
In order t o  predict locations of exchangeable hydrogen in coal, the hydrogen exchange reactions of 
coal that reacted with tritiated tetrah,  Le., tritiated coal, with water were performed. The 
tritiated coal and water were added into a glass reactor. The reactor was immersed into an oil 
bath with stirring After the reaction, suction 
filtration was performed and tritiated coal was washed with hot water. Further, the separated 
coal was dried under vacuum (< 10.' Torr) at 120 O C  for 1 h. After the coal was dried, it was 
oxidized by a method similar to the above using the combustion of coal. 

Calculation of Hydrogen Transfer Ratio. 
Hydrogen transfer includes both hydrogen addition and hydrogen exchange. The Hydrogen 
Transfer Ratio (HTR) estimated in this paper means the ratio of the amount of hydrogen 
transferred into coal (Hs) to the total amount of hydrogen in an original coal (Hcwl). HTR 
between coal and tetralin was calculated on'the basis of eq 1: 

The reaction was performed at 100 OC for 24 h. 

HTR = H, I Hcoal (1) 

H,,,I was calculated with the analytical data presented in Table 1. 
transferred from tetralin into coal (H,) was calculated on the basis of eq 2: 

The amount of hydrogen 

1 Htr = Rtet 1 ; Htr = Hie, IRtet (2) 

H,, is the amount of hydrogen contained in tetralin and &, is the radioactivity of tritium 
contained in tetralin after the reaction. In eq 2, it was assumed that the hydrogen transfer 
reaction between tetralin and coal is at equilibrium. Thus after the reaction, the ratio of the 
radioactivity in coal to the amount ofthe hydrogen transferred in coal (&,,, I Hb) is equal to the 
ratio of the radioactivity in tetralin to the amount of hydrogen in tetralin after the reaction. 

I 

RESULTS AND DISCUSSION 

Figure 1 shows the change in hydrogen transfer ratio (HTR) of coal with reaction time at 300 OC. 
Total HTR increased with reaction time and reached constant value at 180 I&. At this time, it 
can be considered that hydrogen transfer reaction has reached the equilibrium state. After 
hydrogen transfer reaction, the hydrogen exchange between the tritiated coal sample and water 
was performed to remove tritium in the functional group of coal and h o w  the extent of hydrogen 
exchange of functional group in the reaction of coal with tritiated tetralii. As shown in Figure 1, 
HTR corresponding to the hydrogen exchange between hydrogen in functional group of coal and 
tetralin increased with reaction time similarly and reached the constant value at 180 min. 

Figure 2 shows the change in HTR of coal with reaction temperature at 180 min. Although HTR 
was observed for each coal at 200 or 250 'C, this may be due to the sorption of tetralii molecule 
into coal as well as the hydrogen exchang. HTR remarkably increased in most of coals with 
increasingtemperature from 250 'C to  300 OC, while HTR for POC coal increased only slightly. 
Total HTRs for all coals and HTRs corresponding to hydrogen exchange of hydrogen of 
functional group in coal with tritiated tetralin are listed in Table 2. The result shows that at 
lower temperature, 200 and 250 OC, hydrogen exchanges between hydrogen in functional group 
and tetralii were very low. These results were significantly different from those for the reaction 
of coal with tritiated gaseous hydrogen, where most of hydrogen in functional groups exchanged 
with tritiated gaseous hydrogen at the same lower temperature in the presence of cataly~t. '~) 
However, HTR for functional group of coal with tritiated tetralii also remarkably increased with 
a rise ffom 250 OC to 300 'C. 

Figure 3 shows the change in tetralin conversion to naphthalene with temperature at 180 min. 
The trend of increase in tetralin conversion with temperature was similar to that in HTR. In the 
cases of lower rank coals, ND and WA, tetralii conversion increased with increasing temperature 
from 200 to 300 "C. In the cases of higher rank coals, IL, UF and POC, tetralii conversions 
were very low at temperatures 200 and 250 'C. However, those remarkably increased with a 
rise in temperature from 250 to 300 "C. The result suggests that, since lower rank coals, ND 
and WA, generated larger amount of radical species even at lower temperature, tetralin conversion 
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to naphthalene, that is hydrogen addition into coal was enhanced. For higher rank coals, 
however, it seems that a large amount of radicals were generated at 300 'C. Tetraliin conversion 
for IL Coal was highest at 300 OC and this may be due to the catalysis by a lar&er amount of 
pyrite included in IL coal. 

In Figure 4, total HTR of coal with tritiated tetralin and HTR corresponding to hydrogen 
exchange for functional group in the reaction with tritiated tetralin at 300 OC and 360 min were 
compared with HTR corresponding to hydrogen exchange between coal and tritiated water at 100 
"C which was previously reported. Except for ND coal, HTR corresponding to hydrogen 
exchange for fimctional group of coal in the reaction with tetralin was very similar to HTR of 
functional group between coal and tritiated water. The results shows that at 300 'C most of 
hydrogen in functional group of coal exchanged with tritiated tetralii. In the reaction of coal 
with tritiated tetralin, HTR decreased in the order IL>UF>WA>ND>POC which was different 
from that of the reaction of coal with tritiated water where HTR decreased with increasing coal 
rank.'4' There m i a t  be the decomposition of coal structure in lower rank coals at 300 'C which 
seems to affect the hydrogen transfer. 

CONCLUSIONS 

Hydrogen transfer reaction between coal and tritiated tetraliin sigpificantly proceeded at 300 OC 
and the amount of hydrogen transferred increased in the order POC<ND<WA<UF<IL. The trend 
for temperature dependence of hydrogen transfer between coal and tetralin was very similar to 
that of tetralin conversion to naphthalene. Except for ND coal, most of hydrogen of functional 
group in coal exchanged with hydrogen in tetralin at 300 'C. In contrast, at lower temperatures, 
200 and 250 OC, hydrogen transfer from tetralin to coal was very low for each coal and hydrogen 
in functional group only slightly exchanged. 

ACKNOWLEDGMENT 

This study was supported by the Research for the Future Project of the Japan Society for the 
Promotion of Science (the 148 Committee on Coal Utilization Tcchnology) under Contract JSPS- 
RFTF96R14801. 

REFERENCES 

1) Solomon, P. R., Hamblen, D. G., Yu Z., and Serio, M. A,, Fuel, 1991, 70,754. 
2) Kelemem, S. R., George S. N., and Gorbaty, M. L., Fuel, 1990, 69,939. 
3) Franz, J. A. and Camaioni, D. M ., Am. Chem. Soc. Div Fuel Chem. Prepr., 1981,26, 106. 
4) Cronauer, D. C., Mcneil, R. I., Young, D. C., and Ruberto, R. G., Fuel, 1982,61,610. 
5 )  Wilson, M. A., Vassalo, A. M ., and Collin, P. J., Fuel Processing Technology, 1984,8,213. 
6) Collin, P. J. and Wilson, M. A. Fuel, 1983,62, 1243. 
7) Skowronski, R. P., Ratto, J. J., Goldberg, I. B., and Heredy, L. A,, Fuel, 1984, 63,440. 
8 )  Kabe, T., Khura,  K., Kameyama, H., Ishihara, A., and Yamamoto, K., Energy & Fuels, 1990, 

9) Kabe, T., Horimatsu, T., Ishihara, A., Kameyama, H., and Yamamoto, K., Energy & Fuels, 

10) Kabe, T., Ishihara, A., and Daita, Y., Ind. & Eng. Chem. Res., 1991, 30, 1755. 
11) Ishihara, A., Morita, S., and Kabe, T., Fuel, 1995, 74,63. 
12) Ishihara, A., Takaoka, H., N a k a j h  E., I&, Y., and Kabe, T., Energy & Fuels, 1993, 7, 

13) Qian, W., Ishihara, A., Fujimura, H., %to, M., Godo M., and Kabe, T., Energy & Fuels, 

14) Kabe, T., Saito, M., Qian, W., and Ishihara, A,, Fuel, 1999 in press. 
15) Yao, J. and Evilia, R. F., -1. Am. Chem. Soc., 1994,116, 11229. 

4,201. 

1991,5,459. 

362. 

1997,11,1288. 

659 



Table 1 Ultimate analysis of coals used ( % d e )  
~ 

Coal C H N S 0 

ND 72.94 4.83 1.15 0.70 20.38 (L) 
WA 76.9 6.7 1.1 0.3 15.0 (SB) 
IL 77.67 5.00 1.37 2.38 13.58 (HVB) 
UF 85.50 4.70 1.55 0.74 7.51 (MVB) 
POC 91.05 4.44 1.33 0.50 2.68 (LVB) 

a) Abbreviations: ND: Beulah-Zap, WA: Wandoan, 1L: Illinois No.6, UF: Upper 
Freeport, POC: Pocahontas No.3; L: lignite, SB: subbituminous coal, HVB: high-volatile 
bituminous coal, MVB: medium-volatile bituminous coal, LVB: low-volatile bituminous 
coal. Except for WA, samples are coals of the Argonne Premium Coal Sample Program. 

Table 2 HTRs of coals with tritiated tetralin 

coal 200 OC 250 OC 300 OC 

Total HTR Total HTR Total HTR 
HTR ofOHa) HTR ofOH') HTR ofOH" 

ND 4.4 1.7 4.6 8.1 3.8 
WA 2.5 0.3 3.3 1 .o 9.0 4.6 
IL 4.5 1.6 5.7 0.9 14.4 6.2 
UF 2.8 1.4 3.5 11.7 2.0 
POC 2.3 0.1 2.9 4.2 O S  

a) Hydrogen transfer ratio of functional groups such as hydroxyl gfoup which was 
determined by the reaction of tritiated coal with water at 100 OC. 

20 
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Figure 1. HTRs of Illinois No. 6 with [3H]tetralin at 300 'C 
0: Total H T R  M: HTR for functional group in coal 
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Figure 2. Effect of temperature on HTR of coal with ['Hltetralin for 3 h. 
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Figure 3. Effect of temperature on tetralin conversion in the reaction of coal with tetralin (3h). 
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Figure 4. 
0: Total HTR of coal with ['HITetralin at 300 O C  for 3 h 
0: HTR of functional group in coal with ['HITetralin at 300 'C for 3 h 
E: Total HTR of functional group in coal with ['H]H20 at 100 'C for 6 h 

Comparison of HTRs of coals 
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